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Abstract

Birds occupy a unique position in the evolution of cardiac design. Their hearts are capable of cardiac
performance on par with, or exceeding that of mammals, and yet the structure of their
cardiomyocytes resemble those of reptiles. It has been suggested that birds use intracellular Ca?
stored within the sarcoplasmic reticulum (SR) to power contractile function but neither SR Ca?
content nor the cross-talk between channels underlying Ca**-induced Ca?*-release (CICR) have been
studied in adult birds. Here we used voltage clamp to investigate the Ca%" storage and refilling
capacities of the SR and the degree of transsarcolemmal and intracellular Ca%* channel interplay in
freshly isolated atrial and ventricular myocytes from the heart of the Japanese quail (Coturnix
japonica). A transsarcolemmal Ca?* current was detectable both in quail atrial and ventricular
myocytes and was mediated only by L-type Ca?* channels. The peak density of Ic. was larger in
ventricular cells than in atrial and exceeded that reported for mammalian myocardium recorded under
similar conditions. Steady-state SR Ca?* content of quail myocardium was also larger than that
reported for mammals and reached 750.6 + 128.2 umol I? in atrial cells and 423.3 + 47.2 umol It in
ventricular cells at 24°C. We observed SR-Ca%*-dependent inactivation of Ic, in ventricular myocytes
indicating cross-talk between sarcolemmal Ca?* channels and ryanodine receptors in the SR. However,
this phenomenon was not observed in atrial myocytes. Taken together, these findings help to explain
the high efficiency avian myocyte excitation-contraction coupling with regard to their reptilian-like
cellular ultrastructure.

© 2020. Published by The Company of Biologists Ltd.
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Introduction

Avian and mammalian hearts are morphologically similar in that they both possess four cardiac
chambers: two atria and two ventricles. Their anatomically separated ventricular chambers are a key
feature of endothermy as they allow systemic pressures to be substantially higher than pulmonary
pressures, a prerequisite for metabolically generated heat (Hicks and Wang, 2012; Jensen et al.,
2013a; Jensen et al., 2013b). In contrast, the hearts of ectotherms generally exhibit lower pressure
development and differ in chamber number; fish have a two-chambered heart, and amphibians and
reptilians for the most part possess three chambers. The evolution of the divided ventricle and
separation of pulmonary and systemic pressures occurred at least twice, and independently in the
bird and mammalian lineages (Hicks and Wang, 2012).

Despite gross morphological similarities, there are important differences between avian and
mammalian hearts, which make birds particularly interesting with regards to vertebrate cardiac
evolution. First, avian hearts are typically larger in relation to body mass than those of mammals and
also have higher cardiac outputs, stroke volumes and arterial blood pressures (Grubb, 1983; Ruben,
1995). Second, this elevated cardiac performance is achieved with cardiomyocytes that superficially
resemble those from reptiles more closely than those from mammals. Indeed, avian cardiomyocytes
are long (>100 um) and thin (<10 um) and lack transverse (T)-tubules which are characteristic features
of the myocytes which power the slower heart rates and lower contractile forces found in fish,
amphibian and reptilian hearts (Dzialowski and Crossley, 2015; Shiels and Galli, 2014). Mammalian
cardiomyocytes are shorter (<100 um), thicker (<30 um) and contain T-tubules (Richards et al., 2011)
which are thought to be vital for the high maximal heart rates and robust contractility of mammalian
hearts. Recent structural and computational modelling from Sheard et al (Sheard et al., 2019) showed
that the subcellular organization of Ca?* release units (i.e. clusters of ryanodine receptors, RyRs) within
the cardiac sarcoplasmic reticulum (SR) of birds could facilitate strong and fast contractions despite
the long, thin, non-tubulated cellular ultrastructure. However, they did not support these findings with
functional studies.

Both birds and mammals rely on Ca?* release from the large intracellular SR network for cardiomyocyte
contraction. This happens in response to transsarcolemmal Ca®* entry through L-type calcium channels
(LTCC). Extracellular Ca?* influx (lc.) through LTCCs initiates the release of Ca?* stored within the SR
through RyRs in a process known as Ca?*-induced Ca**-release (CICR) (Fabiato, 1983). Close apposition
(i.e. couplons) of LTCCs in the sarcolemma and RyRs in the SR membrane (Franzini-Armstrong et al.,
2005) allow local control of Ca?* release from the SR (Stern et al., 1997) fueling the CICR process. In all
adult mammalian ventricular myocytes studied to date (Forbes et al., 1990; Loughrey et al., 2004;
Richards et al., 2011; Snelling et al., 2015) T-tubules bring the surface sarcolemmal containing the
LTCCs into close apposition with more centrally located SR membranes containing RyRs ensuring
simultaneous CICR within the entire volume of the thick mammalian cardiomyocyte (Franzini-
Armstrong et al., 1999). Indeed, T-tubule abundance governs temporal and spatial properties of the
ventricular Ca?* transient in adult mammals and thus directly influences myocyte contraction (Dibb et
al.,, 2013; Richards et al., 2011). In the more narrow piscine, reptilian and neonatal mammalian
cardiomyocytes, and in atrial myocytes from small mammals, CICR occurs at peripheral couplings
where the sarcolemma and the SR membranes juxtapose and then the Ca? signal diffuses centripetally
to activate the interior of the narrow cell without the assistance of a T-tubular network (Bootman et
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al., 2006; Mackenzie et al., 2004; Shiels and Galli, 2014). A similar schema is proposed, but has not
been measured, for avian cardiomyocytes where CICR at the periphery is coupled to specialized non-
junctional SR known as corbular SR (Perni et al., 2012) which amplifies centripetal Ca?* diffusion (Perni
et al., 2012; Sheard et al., 2019).

There is a paucity of functional data on Ca?* flux pathways in avian cardiomyocytes. Bogdanov et al.,
(Bogdanov et al., 1995) speculated that the high density of LTCC current together with the presence
of T-type Ca? current in finch ventricular myocytes would drive strong CICR in the absence of T-
tubules, but intracellular Ca?* handling was not explored in this study. Thus, to improve our
understanding of the relationship between structural organization of the myocyte and the strength
and rate of cardiac contraction in aves, the aim of this study was to (1) assess transsarcolemmal Ca%
influx; (2) determine SR Ca%* content and rate of refilling; and (3) to investigate cross-talk between
LTCCs and RyRs in atrial and ventricular myocytes from the Japanese quail (Coturnix japonica). Our
hypotheses were that (1) there would be large transsarcolemmal Ca2* influx, which would mediate
effective CICR from the SR; (2) SR Ca?* content would be large and the SR would fill rapidly upon
depletion; and (3) that there would be cross-talk between LTCC and RyRs in the bird heart indicative
of functional coupling (i.e. couplons) between sarcolemmal and SR membranes.

Methods
Animals

Japanese quails (Estonian variety, Coturnix japonica, Temminck and Schlegel, 1849) of both sexes (age
2-4 months, weight 200-300 g, n = 15) were obtained from a local farm (Orlovsky dvorik, Mytischi,
Moscow region). Though dilated cardiomyopathy, ascites and sudden death syndrome are not
reported in meat-type Japanese quails, these complications are common for other domestic bird
species (Jackson et al., 1972; Julian, 1987; Julian, 1998; Magwood and Bray, 1962; Nain et al., 2008).
Thus, to avoid the risk of such diseases provoked by abnormally rapid growth, we chose a slow-
growing egg-producing breed of quail for our study. Resting heart rates for these bird range between
318 + 14 bpm (Valance et al., 2008) and 531 + 17 bpm (Wilson, 1972) and mean arterial blood pressure
are in the range of 125.75 + 2.05 mm Hg (Bavis and Kilgore, 2001) and 153.2 + 4.5 mm Hg (Ringer,
1968) confirming robust and rapid coordination of cellular Ca?* fluxes and thus making them a suitable
animal in which to address our hypotheses. The birds were kept at 24°C at 12h:12 h photoperiod and
fed with commercial quail food ad libitum. Birds were anaesthetized with isoflurane (3.5%
isoflurane/oxygen gas mixture supplied with 2 | min? rate), which is an effective anesthetic with
minimal cardiovascular effects in birds (Naganobu and Hagio, 2000), and decapitated using a guillotine
for small laboratory animals (OpenScience, Moscow, Russia). All experiments conform to the Guide
for the Care and Use of Laboratory Animals published by the US National Institutes of Health (NIH
Publication No. 85-23, revised 1996) and the EU Directive 2010/63/EU for animal experiments.

Cells isolation

We used the following protocol for enzymatic isolation of quail working (i.e. atrial and ventricular)
cardiomyocytes (Abramochkin et al., 2017): Following decapitation, the heart was quickly excised and
mounted on a Langendorff apparatus for perfusion through the middle branch of the aorta to perfuse
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the myocardium via the coronary arteries. The other two aortal branches were sealed with ligatures.
The heart was perfused with nominally Ca?*-free solution of the following composition (in mmol I%):
116 NaCl; 4 KCl; 1.7 NaH,PO4; 25 NaHCO3; 0.55 MgCly; 5 sodium pyruvate; 20 taurine; 11 glucose; 1 g
ml™? bovine serum albumin; pH 7.4 maintained by aeration with carbogen (95% O, 5% CO,) at 42°C.
After 7-9 minutes of perfusion and washing of blood from the heart, the perfusion was switched to
the same solution supplied with 0.425 mg ml?! collagenase Il (Worthington, USA), 0.025 mg ml?
protease XIV (Sigma Aldrich, USA) and 6 pmol ml™? CaCl,. After 30-39 min of enzymatic treatment the
perfusion was stopped, the atria and ventricles were separated and placed in Kraftbriihe solution (in
mmol I"): 3 MgS0s; 30 KCl; 30 KH,POg; 0.5 EGTA; 50 potassium glutamate; 20 HEPES; 20 taurine; 10
glucose; pH 7.2 adjusted with KOH (Isenberg and Klockner, 1982). Following digestion, atria were
separated from the ventricles placed into separate chambers and shaken to liberate myocytes. No
attempt was made to separate the ventricles but due to chamber size, the majority of the ventricular
cells isolated should be left-side in origin, but we cannot exclude the possibility of some right
ventricular cells being present in our recordings. Similarly, the atria were pooled together but the right
is usually the larger of the two in birds (Dzialowski and Crossley, 2015) and although we did not
quantify this, qualitatively we observed a larger right atria in the Japanese quail and thus anticipate a
greater proportion of right atrial myocytes in this study. Atrial and ventricular cells were stored in
Kraftbriihe solution at room temperature and used within 8 hours after the isolation.

Recording of Ic,

Allionic currents were recorded using perforated whole-cell patch clamp with HEKA EPC-800 amplifier
(HEKA Elektronik, Germany). Isolated atrial or ventricular myocytes were placed into an experimental
chamber (RC-26; Warner Instrument Corp., Brunswick, CT, USA; volume 150 pl) mounted onto an
inverted microscope (Diaphot 200; Nikon, Tokyo, Japan). The cells were superfused with physiological
solution of the following composition (in mmol I'1): 150 NaCl; 5.4 CsCl; 1.2 MgCl,; 5 HEPES; 2 CaCly; pH
7.4 adjusted with NaOH. Tetrodotoxin (TTX, 1 umol I'!) was added to the solution to block fast sodium
current (Marcus and Fozzard, 1981; Vornanen et al., 2011). The temperature of the extracellular
solution in the experimental chamber was kept at 24°C (TC-324C; Warner Instrument Corp.,
Brunswick, CT, USA). Patch pipettes were pulled from borosilicate glass capillaries without filament
(Sutter Instruments, CA, USA) and filled with pipette solution. The pipette solution for Ic, recordings
contained (in mmol I?1): 130 CsCl; 1 MgCl;; 5 EGTA; 10 HEPES; 4 MgATP; 0.03 Na,GTP; 15
tetraethylammonium; pH 7.2 adjusted with CsOH. This level of EGTA suppressed contractions and
blocked outward Ca?-dependent currents (Vornanen, 1997). To study SR Ca? content we used
modified pipette solution containing (in mmol I'%): 130 CsCl; 5 MgCl,; 0.025 EGTA; 10 HEPES; 4 MgATP;
0.03 Na,GTP; 15 tetraethylammonium; pH 7.2 adjusted with CsOH (Shiels et al., 2002). The lower
concentration of EGTA in this solution was set to mimic physiological intracellular buffering (Creazzo
et al., 2004; Hove-Madsen et al., 2001) and thus allowed effective and physiologically relevant cellular
Ca?* flux which was important for SR Ca?* content assessment. All pipette solutions were provided
with 40 umol I B-escin, a perforating ionophore, because it reduced rundown of calcium currents
compared with the whole cell configuration (not shown) (Sarantopoulos et al., 2004). The resistance
of filled patch pipettes was 2.3+0.4 MQ. Access resistance and whole cell capacitance were fully
compensated after formation of whole cell configuration; mean access resistance was 3.910.6 MQ at
the time recordings began. The voltage clamp protocols are shown in the corresponding figures.
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To evaluate the interaction between transsarcolemmal Ca?* influx via the LTCC (lca) and intracellular
Ca?* release from the SR through RyRs, kinetics of Ic, inactivation following SR Ca%" release and
progressive SR Ca%* loading was recorded in atrial and ventricular myocytes. Previous studies show
that intracellular Ca?* (i.e. Ca% released from SR) enhances the inactivation of sarcolemmal I, (Hadley
and Lederer, 1991; Sham, 1997), and, thus, the dynamics of Ic, inactivation can be used to estimate
the interaction between these two Ca®" sources (Shiels et al., 2002). We recorded Ica at 0 mV
immediately after caffeine application and fitted a double exponential function (t; and ;) to its
inactivating profile. The fitting was performed using standard Chebyshev equation in Clampfit 10.3
software.

Assessing SR Ca®** content

We measured SR Ca?* content by recording the inward current carried by Na* ions pumped across the
cell membrane by Na*/Ca?* exchanger (NCX) following the rapid application of caffeine. Caffeine
causes SR RyRs to open causing the flow of Ca** from the SR to the cytosol down its concentration
gradient. The released Ca?* is then extruded from the cell by NCX in exchange for Na* ions with
stoichiometry of 1 Ca?* to 3 Na*. In such conditions, NCX produces an inward current when Vn, is held
at -80 mV (see Fig 3A); the time integral of NCX current (Incx) induced by caffeine is proportional to the
amount of Ca?* stored and released from SR at the time of application (Haverinen and Vornanen, 2009;
Shiels et al., 2002; Varro et al., 1993). At the beginning of each experiment, rapid application of 10
mmol? caffeine was used to empty the SR of Ca?* whilst the V, was held at -80 mV. The SR was then
refilled by a series of square depolarizing pulses (from -80 mV to 0 mV, 200 ms, 1 Hz frequency). The
capacity of the SR to reload Ca?* was estimated after 5, 10, 15, 25, 50, 75 and 100 pulses using rapid
application (<1 s) of 10 mmol? caffeine (Shiels et al., 2002). The obtained data were normalized by
whole cell capacitance and expressed as pC-pF. The SR Ca?* content was also converted into a Ca?*
concentration in pmol I"* (Table 1) from the integral of Incxand the cell volume (Galli et al., 2011; Shiels
et al., 2002). Cell volume was calculated from cell surface area (obtained by measurements of cell
capacitance (pF) and assuming a specific membrane capacitance of 1.59 puF cm™) and the
surface:volume ratio of 1.15 (determined experimentally in previous studies of elongated
cardiomyocytes; see (Vornanen, 1997)). Finally, SR Ca?* content was expressed as a function of non-
mitochondrial volume (55%), as determined previously (Creazzo et al., 2004; Vornanen et al., 1998).

Drugs

Collagenase type Il was purchased from Worthington Biochemical Corporation (Lakewood, NJ, USA).
Protease type XIV, tetrodotoxin, nifedipine, caffeine and B-escin were purchased from Sigma (St Louis,
MO, USA).

Data analysis and statistics

All data are presented as mean + s.e.m. from n cells. The number of cells tested is indicated in figure
legends together with N = number of birds. The amplitude of currents and the charge transferred by
Incx Were normalized by cell capacitance. Student’s t-test was used to compare current densities and
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SR Ca? content in atrial and ventricular cardiomyocytes. One-way repeated measures analysis of
variances (ANOVA) followed by Dunnett’s post-hoc test was used to separately evaluate the effect of
pulse number on Ca%* accumulation in SR and on the inactivation kinetics of Ic.. The differences were
considered statistically significant at p < 0.05.

Results
Morphology of quail cardiomyocytes

Retrograde enzymatic perfusion of quail hearts yielded a large number of thin, long, spindle-shaped
cells with clear cross-striation. Ventricular myocytes (Fig. 1A) were on average 179.3 £ 13.9 um length
and 8.32 + 0.43 um width (n = 13, N = 3), whilst atrial myocytes (Fig. 1B) were significantly smaller:
130.6 £5.32 um length and 6.78 £ 0.47 um width (n =13, N=3; P < 0.01 for length, P < 0.05 for width;
Student’s t-test). These differences in linear dimension were reflected in cell capacitance which is an
index of cell surface area: 55.82 + 1.91 pF for ventricular cells (n = 35, N = 7) and 38.65 + 1.52 pF for
atrial cells (n =37, N=7) (P < 0.0001, Student’s t-test).

Sarcolemmal Icq in isolated quail cardiomyocytes

Sarcolemmal Ca?* current (Fig. 2A and B) was elicited in isolated quail cardiomyocytes using a square-
pulse protocol (Fig. 2C) from the holding potential of -90 mV in the presence of 1 pmol I"* tetrodotoxin
(TTX) to block Ina. Preliminary data (not shown) supports earlier findings that Iy, in avian myocytes is
TTX sensitive, thus allowing Ca?* influx to be measured from a physiological holding potential (Marcus
and Fozzard, 1981; Vornanen et al., 2011). Fig. 2 shows the representative recordings of Ic, in atrial
(Fig. 2A) and ventricular (Fig. 2B) myocytes and its current-voltage relations (Fig. 2C) at room
temperature (24°C). Ic, activated at potentials positive to -40 mV. The maximum peak current was
observed at 0 mV and in ventricular cells it was significantly greater than in atrial myocytes.
Noteworthy, the peak amplitude of Ic, in ventricular cells was remarkably high (-10.2+1.15 pA pF?) in
comparison to Ic, recorded in mammalian cardiomyocytes in similar conditions (Mitrokhin et al., 2019;
Ogura et al., 1999) indicating robust transsarcolemmal influx in the ventricular cells. In line with
findings in embryonic chicken myocytes (Kitchens et al., 2003), we found that 50 umol I nifedipine
completely abolished Ic, in both atrial and ventricular cells from quail (not shown).

The lack of an inward current at potentials negative to -40 mV suggests the absence of the T-type Ca?*
current (lcat) (Xu and Best, 1992) in quail cardiomyocytes (Fig. 2C). However, as prominent Ic.thas been
recorded in cardiomyocytes of finch (Bogdanov et al., 1995) and embryonic chicken (Brotto and
Creazzo, 1996; Creazzo et al., 2004; Kitchens et al., 2003), we wanted to probe this more thoroughly.
We therefore elicited Ic, with a modified square-pulse protocol from the holding potential of -50 mV
(see Fig. 2D), which should inactivate any potential Ic;r and allowed us to record Ica. only. Indeed, the
component activated by square pulses from HP = -90 mV and inactivated at HP = -50 mV) has been
referred to as lcat (Haworth et al., 2014). The corresponding current-voltage relations for Ic, in atrial
and ventricular myocytes (Fig. 2D) shows that the Ca* current elicited by both protocols activates at
-40 mV and has maximum amplitude at 0 mV, which is characteristic of Ica.. Together with complete
inhibition of the current with 50 umol I'? nifedipine (not shown), we confirm that Ict is not present in
cardiomyocytes from the adult quail, and Ic, is comprised entirely of Ical.
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Sarcoplasmic Reticulum Ca** Content

At the beginning of each experiment, we applied 10 mmol? caffeine to empty the SR Ca?* stores, such
that each experiment began with the cell in the same state (see Shiels et al., 2002). After depletion of
SR Ca?* stores, we applied 5-100 square depolarizing (from -80 mV to 0 mV, 200 ms) pulses at a
frequency of 1 Hz to load the SR with Ca?*and assess progressive SR Ca%* loading using rapid caffeine
application. At holding potential of -80 mV, caffeine-induced Ca?* release from SR activated NCX,
which pumped the excess of Ca?* from the cytoplasm and therefore produced an inward current (Incx).
Incx Was measured in voltage-clamp mode (Fig. 3A) and time integral of this current was used to
calculate SR Ca?* content in pC pF! (Fig. 3B).

All cells accumulated SR Ca?*during the depolarizing pulses. In ventricular cardiomyocytes SR Ca?
content reached a steady-state level after 25 pulses (i.e., after 25 pulses there were no statistically
significant changes in SR content with further depolarizing pulses). In atrial cells steady-state Ca?*
content was reached after 15 pulses (Fig. 3B). SR Ca?* content in atrial myocytes was higher than in
ventricular cells, and reached statistical significance at 100 pulses where SR Ca% content was
1.23+0.14 pC pF'in ventricular myocytes and 2.19+0.37 pC pF ' in atrial myocytes. The SR Ca®* content
at each stage of SR Ca?* loading for each cell type was converted from pC pF! to Ca** concentration in
umol It (Table 1) from the integral of Incxand the cell volume.

Interaction between sarcolemmal Ic, and SR Ca®* release

Transsarcolemmal Ca?* influx through LTCCs triggers the release of Ca?* stored within the SR through
RyRs in a process termed CICR. However, because the inactivation of Ic, is both voltage- and Ca?*-
dependent, Ca* released from the SR can also feedback and affect sarcolemmal Ca% influx. To
investigate this interaction in the quail heart, Ic, elicited with square depolarizing pulses was recorded
immediately following the depletion of SR Ca** stores by caffeine and during the series of pulses that
reloaded SR Ca?* stores (Fig. 4A). The influence of SR Ca?* accumulation (and thus potential SR Ca?*
release) on transsarcolemmal influx was estimated by changes in inactivation kinetics of lc.. The
current traces in figure 4A illustrate the change in the inactivation kinetics of ventricular lca when the
SR is empty and thus unable to release Ca®*in response to transsarcolemmal influx (i.e. pulse 1) and
when the SR contains Ca?* that is available for CICR (i.e. pulse 2-10). The cross-talk between Ca?*
released from the SR and the LTCC is quantified by the inactivation time constants of lc, which were
best fit with double exponential functions representing the fast (s, Fig. 4C) and slow (ts, Fig. 4D)
component of inactivation, respectively (also see Table 2). Figure 4C and D show progressively faster
inactivation kinetics for ventricular myocytes as the SR is filled with Ca®* by the loading pulses,
indicative of cross-talk between the two Ca? flux systems. Furthermore, because the amplitude of Ic,
did not change during consecutive loading pulses (Fig. 4A), the change in inactivation kinetics (Fig. 4C
and D) observed with progressively SR Ca?* loading is unlikely to result from voltage-dependent
inactivation or Ca*-dependent inactivation from Ca?* entry through the LTCC itself. Surprisingly,
despite the high maximal SR Ca%" content in atrial myocytes (Table 1), we did not find evidence of
cross-talk between the SR and LTCCs in atrial myocytes (Fig. 4B, C and D, Table 2).
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Discussion

The present study is the first to describe SR Ca%* content in an adult avian heart and the second
(Bogdanov et al., 1995) to study ionic currents in isolated adult cardiomyocytes. Bird cardiomyocytes
differ from mammalian cardiomyocytes in terms of morphology and ultrastructure, and due to their
spindle-shape and the absence of T-tubules, more closely resemble cardiomyocytes of ectothermic
vertebrates (reptilians, amphibians, fish) than mammals (Dzialowski and Crossley, 2015; Shiels and
Galli, 2014). However, unlike ectotherms, bird hearts contract at high rates and with more force,
providing circulatory convection sufficient to maintain endothermic energy metabolism. Our previous
work (Sheard et al., 2019) and that of others (Bogdanov et al., 1995; Brotto and Creazzo, 1996; Kim et
al., 2000; Perni et al., 2012; Tanaka et al., 1995) suggested efficient CICR, coupled with specialized
structural organization of the avian SR, could facilitate ‘mammalian-like’ contractility in ‘reptilian-like’
myocytes. This led us to hypothesize that in quail cardiomyocytes there would be: (1) a large
transsarcolemmal Ca?* influx, which would mediate effective CICR; (2) a large SR Ca?* content that
would fill rapidly upon depletion; and (3) that there would be cross-talk between LTCC and RyRs in the
bird heart indicative of functional coupling between sarcolemmal and SR membranes. Our data allow
us to accept each of these hypotheses for ventricular myocytes providing the functional evidence to
support structural and functional coordination of CICR as a means to deliver strong and fast
contractions in the quail ventricle. However, in comparison to the ventricle, quail atrial myocytes
exhibited smaller transsarcolemmal Ca?* influx, larger maximal SR Ca?** content, and showed no
evidence of cross-talk between LTCCs and RyRs. Thus, our study reinforces the connection between
structural organization of the myocyte and the strength and rate of cardiac contraction across
vertebrate classes, whilst highlighting key atrioventricular differences.

Cellular morphology

The similarity in gross cellular morphology between bird and reptile myocardium has been known via
electron microscopy for more than 50 years (Hirakow, 1970). Figure 1 shows the gross cellular
morphology for freshly isolated intact cardiomyocytes from the quail, which are similar to those
reported for ectothermic vertebrates including fish (crucian carp and scombrids Vornanen, 1997,
Shiels et al., 2004), reptiles (turtle, Galli et al., 2006; lizard, Galli et al., 2009) and other birds (turkey,
Kim et al., 2000; (chicken, Akester, 1981; finch, Bogdanov et al., 1995; finch, Bossen et al., 1978).
Moreover, like other vertebrate species (reviewed in Shiels and Galli, 2014), quail atrial cells are
smaller than ventricular cells (Fig. 1). The narrow width of the quail myocytes means that, even in the
absence of T-tubules, Ca?* release via peripheral couplings at the surface sarcolemma does not have
far to travel to release more centrally located SR Ca?* stores. Because T-tubules improve temporal and
spatial properties of the Ca?* transient and thus contraction, tubulated myocytes are often considered
to have more robust cellular Ca?* cycling (i.e. a faster rate of rise and larger systolic Ca* transient and
thus contraction) than narrow cardiomyocytes. This makes the pairing of narrow myocytes and
powerful pumping capacity in the avian heart particularly interesting . Notably, cardiomyocyte width
appears to be the factor determining the presence or absence of a T-tubular system in the vertebrate
heart. Ventricular myocytes from adult mammals (independent of heart size) are on average >25 um
in width (e.g. mouse, rat, rabbit, horse (Loughrey et al., 2004)) and it is now accepted that atrial
myocytes from large mammals (e.g. sheep, cow, horse and human) also contain T-tubules and that T-
tubular abundance correlates with atrial myocyte width (Bootman et al., 2006; Mackenzie et al., 2004;
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Richards et al., 2011). It is interesting to note that mammalian myocytes are devoid of T-tubules and
have limited SR function, but both develop during ontogeny, coincident with an increase in myocyte
width (Shiels and Galli, 2014).

Transsarcolemmal Ca?* influx

The sarcolemmal Ca?* current registered in quail cardiomyocytes had conventional current-voltage
configurations and the observed difference in current density between atrial and ventricular myocytes
is a common phenomenon for vertebrate hearts (Badr et al., 2018; Filatova et al., 2019; Hatano et al.,
2006). Of note is the large amplitude of Ic, in quail ventricular myocytes. This correlates with a
comparative study between finch and rat ventricular myocytes where the peak current density of Ic,
in the avian cells exceeded that of the rodent cells by 52% (Bogdanov et al., 1995). Fabiato (Fabiato,
1983; Fabiato, 1985) revealed that the greater the magnitude of I, the greater the trigger for SR Ca®*
release. Thus the gain of CICR (e.g. the amount of Ca?* released from the SR as a function of the
transsarcolemmal Ca?* trigger) may be particularly high in bird myocytes to power their strong and
fast contractions (as discussed further below).

The large Ic, current density reported here for quail ventricular cells is greater than that of ectotherms
(i.e. roach, Badr et al., 2018; turtle, Galli et al., 2006; lizard, Galli et al., 2009; sturgeon, Haworth et al.,
2014; rainbow trout, Vornanen et al., 1998) who do not utilize SR Ca?* stores during EC coupling (Shiels
and Galli, 2014; Shiels and Sitsapesan, 2015). However, and interestingly, fish of the scombrid family
(tunas, mackerel), who are renowned for their high level of activity, high metabolic rate, and for
routine utilization of SR Ca?* stores during EC coupling, also exhibit large Ic, peak current densities. In
a series of experiments performed under the same conditions as the present study (i.e. at room
temperature with 5 mmol I'? EGTA in pipette solution) pacific mackerel Scomber japonicus (Shiels et
al., 2004), yellowfin tuna Thunnus albacares and bluefin tuna Thunnus orientalis ventricular myocytes
demonstrated comparatively high Ic, density and SR Ca?* contents (Galli et al., 2011). Thus, the robust
transsarcolemmal lc, reported here for quail, supports our first hypothesis and idea that a large
amplitude lc, may be a feature of cardiomyocytes that rely on CICR, particularly in species that lack T-
tubules. Interestingly, this pattern might be not true for highly active non-vertebrate species, such as
cephalopods, where cardiomyocytes from the systemic heart displayed large SR Ca?* stores and large
SR contribution to cardiac contractility but were associated with rather small transsarcolemmal
Ca? currents (Altimiras et al., 1999).

It is important to consider the impact of temperature on lc.. At in vivo body temperatures of ~37-
39°C, peak Ic, is expected to be even greater in birds than that reported here from room temperature
studies. The corollary is that comparable Ic. current densities reported above for scombrid fishes
would be reduced at in vivo temperatures. Indeed, the Qi for peak Ic; amplitude is around 2 across a
range of vertebrates ((e.g. Qiois: ™ 2 rainbow trout; (Shiels et al., 2000); ~ 1.8 for guinea pig and ground
squirrel ventricle, (Herve et al., 1992); ~ 2.9 guinea pig ventricle, (Cavalié et al., 1985); ~ 2.7 rabbit
ventricle, (Shimoni and Banno, 1993)). As the amplitude of Ic, is important for the gain of SR Ca%
release (Fabiato, 1983), strong CICR is expected for both chambers of the avian heart at in vivo body
temperatures.

There are very few electrophysiological studies on transsarcolemmal Ca?* influx in avian myocardium,
with some reporting the presence (adult finch, Bogdanov et al., 1995; embryonic chicken, Brotto and
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Creazzo, 1996; Creazzo et al., 2004; Kitchens et al., 2003) and others reporting the absence (adult
turkey, Kim et al., 2000) of T-type Ca? (lc.t) influx. In finch ventricular myocytes, lcor had significant
amplitude (60% of Ica. amplitude) which is atypical for working myocardium of adult mammals
(Bogdanov et al., 1995). Since T-type Ca* currents are often present in neonatal mammalian myocytes
(Xu and Best, 1992), it has been hypothesized that they are important for EC coupling in
cardiomyocytes lacking T-tubules and in cell types where the SR is under-developed. This is supported
by data from chicken embryos where a prominent Ic.r current is recorded but which decreases over
the course of embryonic development concurrent with the development of the SR and an increase in
its Ca?* content (Creazzo et al., 2004; Kawano and DeHaan, 1991; Kitchens et al., 2003). Nevertheless,
from the electrophysiological data obtained in the current study, we can conclude that Ic in quail
myocardium is comprised only of L-type Ca? current (lcal), presumably from Ca,1.2 and Ca,1.3 channel
isoforms, according to the configuration of the current-voltage curve (Park et al., 2015).

SR Ca?* content

Contractile force production in avian hearts is known to rely heavily on Ca?* release from the SR.
Indeed, Tanaka et al. (Tanaka et al., 1995) used isolated trabecular muscle preparations from newly
hatched chicken hearts to show that more than 50% of the Ca** required for contraction came from
the SR. Similarly, Creazzo et al. (Creazzo et al., 2004) showed >50% reductions in the intracellular Ca?*
transient following SR inhibition in late-stage embryonic chicken myocytes. Additionally, SR vesicles
from adult turkey ventricular homogenates demonstrated robust SERCA activity (Gwathmey et al.,
1999). These functional studies indicating robust intracellular Ca?* cycling, are coupled with decades
of ultrastructural investigations showing specialized SR, including corbular SR, and extended junctional
SR (a special form of junctional SR) containing RyRs clustered along Z-lines in avian heart (Junker et
al., 1994; Perni et al., 2012; Sheard et al., 2019; Sommer and Jennings, 1986). Together these features
clearly indicate that both intracellular and extracellular Ca®* cycling pathways underlie the powerful
output of avian hearts. However, there exists only a single study where SR Ca*?has been assessed in
birds (embryonic chicken myocytes, (Creazzo et al., 2004)) and no studies we are aware of which probe
the functional coupling between extra- and intracellular Ca* flux systems in birds.

Here we report a large steady-state SR Ca?* content in adult myocytes of quail that refills rapidly after
emptying by caffeine (Figure 3 and Table 1). This finding allows us to accept the second hypothesis of
this study for both atrial and ventricular myocytes. After 15 loading pulses SR Ca?* content begins to
stabilize and at 25 pulses it reaches ~ 425 umol It Ca?* in both atrial and ventricular cells (Table 1)
which compares favorably with the SR Ca?* content reported for late stage embryonic chicken
myocytes (~400 umol I Ca?*; Creazzo et al., 2004). The larger SR Ca?* contents (after 100 pulses, Table
1) in quail atrial cells compared with ventricular cells is consistent with atrioventricular differences in
SR Ca? storage capacities reported for other vertebrates (burbot, trout and carp, Haverinen and
Vornanen, 2009; rat, Walden et al., 2009). And although direct comparisons is difficult due to different
Ca?* loading protocols between the studies, in general steady-state content is reached between 15-25
pulses in the quail heart which is faster than that described for ectotherms (> 25 pulses, Haverinen
and Vornanen, 2009; Shiels et al., 2002), but slower than mammals (5-10 pulses, Delbridge et al., 1996;
Ginsburg et al., 1998).
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The steady-state SR Ca* content in quail myocytes are comparable to those reported for a number of
fish species (including rainbow trout, carp, mackerel, and tuna, Haverinen and Vornanen, 2009; Shiels
and Galli, 2014) and greatly exceeds those reported for mammals (50-200 pmol It Ca?*) when both
are assessed by the application of 10 mmol I caffeine (Negretti et al., 1995; Venetucci et al., 2006).
In fishes, the limited SR Ca?* release during EC coupling relative to the high Ca?*storage capacity of the
SR has been explained in part by the low density of RyRs, their organization into CRUs, the proximity
of CRUs to LTCCs (i.e., formation of couplons) and SR regulation (e.g. RyR sensitivity to opening from
both cytosolic and luminal sides) (see Shiels and Sitsapesan, 2015). The lower steady state SR Ca?*
content in mammals can also be explained by the subcellular organization of CRUs and regulation of
RyRs which results in spontaneous release of SR Ca?* and the formation of Ca** waves when the SR
Ca?* content exceeds a threshold of 60-100 umol I Ca**, depending on conditions (Venetucci et al.,
2006). The finding of large SR Ca?* stores and significant reliance on CICR for EC coupling in the quail
heart are intriguing and adds to our awareness of the fundamental differences between the way in
which luminal Ca?* controls RyR opening in ectotherms, birds and mammals. Although we know little
about Ca?* buffering in bird heart, Creazzo et al (Creazzo et al., 2004) demonstrated a lower cytosolic
Ca?* buffering capacity in embryonic birds than that observed for mammals, thus the low level of
cytosolic buffering achieved via inclusion of EGTA (25 uM) in the pipette solution during assessment
of SR Ca? content and CICR is unlikely to account for the large SR Ca?* content observed. Moreover,
[H3]ryanodine binding studies in pigeon and finch heart show the density of RyRs and the cytosolic
Ca?* sensitivity of RyRs in birds are generally similar to mammals (Junker et al. 1995). Interestingly,
Creazzo et al (Creazzo et al., 2004) also observed an increased in SR Ca?* buffering capacity during
embryonic development in chicken myocytes which coincided with an increase in the percent of SR
involvement in EC coupling and in the gain of CICR. Thus, future work should examine the Ca?*
buffering capacity of the adult bird SR and the sensitivity of RyR opening to both luminal and cytosolic
Ca?* as well as other regulators of SR function at in vivo body temperatures.

Cross-talk between sarcolemmal and SR Ca®* fluxes

The third hypothesis of this study is that there would be cross-talk between LTCC and RyRs in the bird
heart indicative of functional coupling between sarcolemmal and SR membranes. More than 2
decades of structural studies on avian myocardium have demonstrated apposition of the two
membrane systems and the presence of RyRs in the intermembrane space (Akester, 1981; Bossen et
al., 1978; Hirakow, 1970; Junker et al., 1994; Perni et al., 2012). However, to our knowledge, no avian
study has quantified this interaction functionally. Our finding of SR Ca?* content-dependent changes
in the inactivation kinetics of I, in quail ventricular myocytes confirms LTCC and RyRs cross-talk (Fig.
4 and Table 2) and thus allows us to accept the third hypothesis for ventricular myocardium.

The lack of a similar interaction in atrial myocytes may be due to less favorable ultrastructural
organization in atrial tissue compared with ventricular tissue, and/or to the reduced amplitude of Ic,
registered in atrial myocytes which would reduce the gain of CICR. Indeed, studies with rainbow trout
have shown that CICR and LTCC-RyR cross-talk can be amplified by adrenergic stimulation directly
increasing the amplitude of I, (Cros et al., 2014). Indeed, Cros et al (Cros et al., 2014) suggest the Ic,
trigger must be > 6 pA pF? for CICR in trout heart. It is important to note that at in vivo body
temperatures, quail atrial Ic. may be of sufficient magnitude to trigger SR Ca?* release and thus future
work should be conducted at ~ 38°C to establish the Ic, threshold for avian atrial CICR. The inability to
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trigger SR Ca®* release in the atrial cells may underlie their higher SR Ca?* content and implies that
atrial RyRs (like those of fish cardiomyocytes, (Shiels and Sitsapesan, 2015)) do not open
spontaneously at high luminal Ca?* content. Nothing is known about how cytosolic or luminal ligands
and proteins interact with avian RyRs, so research in this area would be extremely informative.

The degree of SR-Ca**-dependent accelerated inactivation of Ic. reported here for quail ventricular
myocytes (Table 2) again highlights the strong gain of CICR in the bird heart. Unfortunately, direct
comparison of avian and other vertebrate data is difficult due to different loading protocols.
Nevertheless, in studies at room temperature, in mammalian cells acceleration of Ic, inactivation
reached steady-state in 5 pulses after caffeine application (Adachi-Akahane et al., 1996; Sham, 1997)
compared with ~ 5 in quail (Fig. 4 C and D, Table 2) and ~ 20 in fishes (Shiels et al., 2002). Separating
out the contribution of Ic, and RyR clustering/regulation in achieving this robust coupling between the
sarcolemmal trigger and the SR Ca? release in the bird heart would extend the findings presented
here and shed important light on the evolution of these Ca? cycling pathways in vertebrate hearts.

Perspectives on avian EC coupling

Despite gross morphological similarities, there are important differences between bird and
mammalian hearts, which make birds particularly interesting with regards to cardiac evolution. The
seeming paradox of ‘reptilian-like’ cardiomyocyte powering a metabolism capable of supporting flight
has fascinated zoologists and cardiologists across the ages and driven research across multiple levels
of biological, ontogenetic and phylogenetic organization (Altimiras et al., 2017; Boukens et al., 2019;
Hillman and Hedrick, 2015; Hirakow, 1970; Shiels and Galli, 2014). In this paper, we attempt to
functionally test hypotheses linking cellular SR ultrastructure with EC coupling in the avian heart. Our
findings of strong transsarcolemmal Ca? influx and a high gain of CICR, support these earlier
suggestions that the organization of CRUs and the short diffusional distance for Ca?* transport in the
narrow cells allows for strong and fast contractions in avian myocytes. Thus, our study reinforces the
connection between structural organization of the myocyte and the strength and rate of cardiac
contraction across vertebrate classes. The findings also raise important questions about the regulation
of Ca?* release from the SR in birds. As many human cardiomyopathies are associated with errant SR
Ca?* release, understanding how bird hearts regulate their luminal Ca% release could have interesting
therapeutic implications.
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Table. 1. SR Ca?** content (umol I'') in atrial and ventricular cardiomyocytes of Japanese quail.

Number of pulses
5 10 15 25 50 75 100

Atria 119.2+¢21.1% 185.5#25.9*  337.4+67.3  474.8+138.5 530.2+139.5 638.5+170.3 750.6+128.2*
Ventricles 197.6+25.7 276.9+41.7** 335.8460.7* 423.4+57.8 396%27.5 449.5+48.4  423.3+47.2%

Values are given as mean * s.e.m. in umol I of Ca?* from 11-12 myocytes from 5-7 birds. Ca*
concentration was calculated from the charge transferred in pC pF! (see Fig. 3B) and with specific
membrane capacity at 1.15 uF cm™2, the surface:volume ratio for spindle-shaped cardiac cells at 1.15
and as a function of non-mitochondrial cytosolic volume at 55% (Creazzo et al., 2004; Vornanen, 1997;
Vornanen et al., 1998). Steady-state SR Ca?* content was reached after 15 pulses in atrial myocytes (P
<0.05 versus SR Ca?* content at 15" pulse, repeated measures ANOVA) and by 25 pulses in ventricular
myocytes (*P < 0.05, **P < 0.01 versus SR Ca%" content at 25 pulse, repeated measures ANOVA). *
indicates the difference between SR Ca?* content between atrial and ventricular myocytes (P < 0.05,
Student’s t-test).

Table. 2. The effect of SR Ca?* (umol I'!) content on the inactivation kinetics of I, in isolated atrial and
ventricular cardiomyocytes of Japanese quail.

Tf Ts
SR empty SR full SR empty SR full
Atria 33.8145.05 34.8814.72 206.8+11.84 205.2+14.36
Ventricles 32.7545.45 10.05+2.65* 153.6+27.2 48.87+7.52*

Values are given as mean * s.e.m. from 6-7 myocytes per tissue-type from a minimum of 3 birds. 17,
fast time constant of Ic, inactivation, Ts, slow time constant of Ic, inactivation. Ic, was elicited with
square pulses (from -80 mV to 0 mV, 200 ms), the inactivation of Ic, was fitted with double exponential
function. * indicates statistically significant differences between time constants with empty and
steady-state Ca?* loaded SR (P < 0.05, Student’s paired t-test).
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Figures

Fig. 1. Morphology of quail cardiomyocytes. Photomicrographs of enzymatically isolated quail
ventricular (A) and atrial (B) cardiomyocytes. Morphometric measurements are described within the
text. Scale bar, 20 um.
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Fig. 2. Characteristics of Icq in quail cardiomyocytes. Representative recordings of Ic, in atrial (A) and
ventricular (B) cardiomyocytes. The voltage-clamp protocols used to record the currents in the panels
(A) and (B) are shown in the inset of (C). (C) the current-voltage relations of Ic, recorded in atrial (n =
7, N = 3) and ventricular (n = 8, N = 3) quail cardiomyocytes (**P < 0.01, **** P < 0.0001, Student’s t-
test). (D) shows the current-voltage relations and of the differential Ic, elicited from the holding
potentials of -90 mV (round symbols) and -50 mV (square symbols) in atrial (n = 6, N = 3) and
ventricular (n = 7, N = 3) cardiomyocytes. The peak at 0 mV and the absence of current at potentials
more negative than -40 mV indicate that Ic.r is absent in quail working myocardium.
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Fig. 3. Steady-state SR Ca?* content in quail working myocardium. (A) The schema of the experiment
(top) and a representative recording of Incx induced by rapid application of caffeine in an atrial
myocyte. (B) SR Ca?* accumulation expressed as the charge transfer (pC) normalized to cell size (pF) in
atrial (blue round symbols, n = 11, N = 6) and ventricular (red square symbols, n = 13, N = 5) quail
cardiomyocytes (*P < 0.05, Student’s t-test). Steady-state SR Ca?* content was reached after 15 pulses
in atrial myocytes (P < 0.05 versus SR Ca?* content at 15" pulse, repeated measures ANOVA) and by
25 pulses in ventricular myocytes (*P < 0.05, **P < 0.01 versus SR Ca?* content at 25" pulse, repeated
measures ANOVA).
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Fig. 4. The effect of SR Ca* accumulation on inactivation kinetics of sarcolemmal Ics in quail
cardiomyocytes. Representative recordings of lc, in an isolated quail ventricular (A) and atrial (B)
myocyte stimulated with square depolarizing pulses (voltage-clamp protocol shown by inset)
immediately after the depletion of SR Ca?* store with caffeine (pulse 1) and was the SR refills with
additional pulses (pulse 2-10). (C) and (D) show the inactivation time constants (t¢ and Ts, respectively)
of I, in ventricular and atrial quail cardiomyocytes during the course of SR Ca*refilling following
caffeine application. tr and ts were obtained from double exponential fitting of the inactivating part of
lca (¥P < 0.05, Student’s paired t-test, n =7, N = 3).
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